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SUPERSONIC MAGNUS MEASURL2MI2NTS OF THE 10-CALIBEP

ARMY-NAVY SPINNER PROJECTILE WITH1 WRAP-AROUND FINS.

Prepared by:
Frank J. Regan

Virginia L. Sche-merhorn

ABSTRACT; A research configuration was formed by attaching wrap-
around fins in a cruciform arrangement to a 10-caliber Army-Navy
Spinner Projectile. This configuration was tested in the Naval
Ordnance Laboratory's Supersonic Tunnel No. 2 to get the Magnus
force and moment, as well as the normal force and pitching moment.
Model spin rate was generated by means of fin cant.
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SUPERSONIC MAGNUS MEASUREMENTS OF THE 10-CALIBER ARMY-NAVY
SPINNER PROJECTILE WITH WRAP-AROUND FINS

The purpose of this investigation was to obtain Magnus force and
uoment data on a research configuration employing wrap-around fins.

This project was performed at the request of the Naval Air Systeoa5
Conmiand under Task No. A32 320/292/69F 20311202 WU-3o

The authors wish to acknowledge the assistance of Miss M. E. Falusi
.in data redwc4on.

(,ORGE G. BALL
Captain, USN
Commande r

LEON 9. SCHINDEL
By direction

I

ii



NQOLTR 70-211

CONTLNI'5

P age
I NT•RODUCTION .1... * .. .. I
SYMBOLS .... 2
DE;SCRIPTION OF CONFIGURATION ... .. ......... 3
TL'ST 'ILJCHN IQU .. . . . . .. . . . . . .. . . . . .. , .. 4

VATA IR-LUCTION .... 5
D15CUSSiON OF RESULTS . 5
CONCLUSION .. ................................................. 1.1

RLXE1{LNCES *......................................... 12

ILLUSTRATIONS

Figure Title

I Wrap-Arouno-Fin Magnus Model
2 Fin Details of Wrap-Around-Fin Magnus Model
3 Reynolds Number per foot versus Mach Number for NOL

Supersonic Tunnel No. 2
4-17 Fitching-Moment Coefficient versus Angle of Attack at Mach

Numbers of 1,76, 2.0, 2,5, 3.0 and 3.5 and Fin-Cant
Angles of 2.0, 3.25 and 4.50 Degrees

18-31 Normal-Fo-ce Coefficient versus Angle of Attack at Mach
Numbers of 1.76, 2.0, 2,5, 3.0 and 3.5 and Fin-Cant
Angles of 2.0, 3.25 and 4.50 Degrees

32-36 Reduced Spin Rate versus Angle of Attack for Indicated
Angles of Fin Cant at Mach NumberE of 1.76, 2.0, 2.5,
3.0 and 3.5

37 Reduced Spin Rate versus Angle of Fin Cant at a Mach Number
of 2.0

38-51 Yaw-Moment Coefficients versus Angle of Attack at Mach
Numbersof 1.76, 2.0, 2.5, 3.0 and 3.5 and Fin-Cant Angles--
of 2.0, 3.25 and 4.50 Degrees

52-65 Side-Force Coefticie~lt versus Angle of Attack at Mach
Nuabers of 1.76. 2.0, 2,5, 3.0 and 3.5 and Fin-Cant
Angles of 2.0, 3.25 and 4.50 Degrees

66 Transition Location in Calibcrs versus Angle of Attack
for Indicated Mach Numbers

6,7 F A..& & A _ &A L.u

Model at a Mach Number of 2.0 and at Angles of Attack
Between 0 and 20 Degrees

lr.,!hieren Photographs of the Wrap-Around-Fin Magnus
Model at a Mach lumber of 3.0 and at Angles of Attack
Between 0 and 20 Degrees

69 Schlieren Photographs of the Wi-ap-Around-Fin Magnus
M,.del at a xdch Number of 3.5 and at Angles of Attack
Between 0 and 20 Degrees

iii



.:W AL

Iii liiimON



V~OLTR 70-211

INTRODUCTION

The wrap-around-fin stabilizer has become increasingly attractive
to desigi)ers of unguidcd aeroballistic ordnance. The reason i*, of
course, that the wrap-around-fin concept nearly obviates the space
requireu~ents of the more conventional rigid planar stabilizers. By
causing the stabilizver to Conforll to the circular contour of a weapon,
it ib pubible to minimize space requiretents and to increabt waVun
patkinq density. The wrap-around stabilizer also makes it feasible
to launch a fin-ftabilized weapon fron a tube whose inside diameter
is only zlightly greater than the weapon's riaximumx body diameter.
The tube may* be anything from a dispcsablc storage container to a
rifled gun barrel, 40 or xiore body diameters in length.

To gain the above mentioned advantages, the wrap-around fin also
prescnts tlhe wcapons designer with certain problems nQt epcountered
by the rigid planar fin. F'or purposes of discussion, these problems
may be separated into two distinct areas - mechanical and aerodynamic,
The mcchanical complications center around providing a hinge at the
body--fin junction for fin rotation during deployment, Once deployment
is completed, the hinge must become rigid to prevent further rotation
of the curved fin panel relative to the body. Wrap-around-fin
contigurations in operation on weapons prove that a successful deploy-
mvnt jmechanism is fe,5iblep

The aerodyna,=ic effects introduced by the curved surface U f the
wrap-around stabilizer are more difficult to define than are the
riechanical complications. The main obstacle appears to be a lack of
understanding of the effect of stabilizer curvature on pressure
distribution, especially for a fairly general class of fin geometries.
One example of the complications introduced by the wrap-around-fin
curvature is the rolling moment generated by a nominally uncanted fin,
In the course of an early wind-tunnel investigation of this phenomenon
it was discovered that this rolling moment reversed sign with Mach
number (see Ref. (1)) , This spurious rolling moment was found to be
in the opposite direction for subsonic flow5. Of cours5e the weapon de-
signer br.-.omes quite interes- ted in how the Mach nturer, at which the
fin-curvature-induced rolling moment changes sign, might be controlled.I .... ¢•rcncc.. (101 , and.. it wa ,oun
that the Mach number of rolling-moment sign reversal is strongly
dependent upon fin geometry. For example, in one investigation a
rectangular fin encountered a rolling-moment sign reversal at about
a Mach number of 1.0. If the leading edge of the fins was swept
(45 degrees in this investigation), the rolling moment would not
reverse until a Mach nwuber of 1.75 had been reac.hed.

Attempts were made to compare the wind-tunnel measurements of
norimal force and pitching moment with theoretical estimates.
Although the estimates are based upon flat fins (of the same chord
and span as the wrap-around fin), the good agreement obtained
indi•ates that fin curvature has little influence on the normal-force

1!
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and pitcixinv-nioment coefficients. Since no suitable theory existsi
for estinltinv the tMagnus rioment on finned bodies5, Magnutis data must
be presented without theoretical corroboration,

caIP. center of pressure

Ck rolling;-moment coefficielit, Mt./QSd

C roll-4&Vpinq derivative, a a(P/V.
-aS,

C:' ro1±AflPovAuvnt titrivautivý Our, to fin caxýt,

C A pitcbirgi-mrasnt. coefficient, MfYlV~

Ci YeWsJ9x-momnenL coeffici.ent, %fl /Q.Sd

IC9 favluD-Xlmment coefficient, ;C n/ayFd/2VQ1

S nornC-4-force coefficient, -F 2/QS

C ~ gid-p-torCc coetfi~cient, F /QS

C tan~sfrecoefficient;, ac /.I(pd/2v)

4 reference leniqth, body diameter

F component of aerodynamic force along y axig

component of aerodynamwic forc" a10n9 z axi5

M rob-ing moment, Moment about x axis

K pitclhing moment, Momlent about Y axis.

U ~yawinjý Mmoent, Moment about, z Axis

reducec spin rate, pd/2v,

P stagnatton pressure
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2dynamic pressure, 1/2pV,

reference area, /4

V1Y. free-streamn airsneed

4body axis through center of gravityf to vertex along
.longitudinal axi5 of 'sylnuetxy

y body axis orthogonal to x axis and normal to angle-of-
attack plane

z Jody axis orthogonal to x and y axes

Qx aingle of attack

-p densit~y of fr('e streamp

'5 6 fin-cant angle

LDESCRIPTIQN OF CONFIQURATION

The primary purpose of this investigation was to obtain Magnus
and static loads oA a configuration with a wrap-around-fin stabili-
zer. Since the shape of the body to which these fins are attached
will influence the measured loads, a shape without contour irregu-
larities was chosen to Diinimiz(_ forebuoy contributions. it was
decided that the Army-Navy Spinner Projectile would be used as the
basic body for the following reasons: first, the Army-Navy Spinner
IProjectile is relativwly free from configuratioial irregularities;
secoyndly, vupersonic static and Magnus measurements were made earlier
on this configuration at the Naval Ordnance Laboratory (NOL), These
dlata are available in Refercnce (2). The availability of body-alone
data is important if one wishes to in-ke use of the analytic methods

t <f Referenceb (3) and (4).

Figure I shows the wrap-around-fin model used in these tests,
As mentioned above, the body is a 10-caliber-long version of the Army-
Vavy Spinner Projectile. This configuration hal _ t. ... l.. -haiu a
iwuat• vgival noe of radiui 605 body calibers.

Stabilizer details are illustrated in Figure 2. The upper left-
b and photograph presents an axial view of a typical wrap-around
fin. It is clearly evident that the fin curvature closely matches
-hat of the body contour. Since spin was provided by meant of fin

cant, three sets of fins were constructed with fin-cant .anglea of 2.00 1
3.25 and 4.50 degrees, respectively. These are illustrated in the
zremaining photographs of Figure 2. For all sets of fins, fin chord
is 1.75 calibers; the thickneb is constant (0.046 calibers), andeach fin has a 45-degree bevel at both the leading and trailing edges.
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TEST TLCIINIQUE

The wind-tunnel tests deucLib~d in t-h-tis report .were c.Lr, ed Out.
in the NOL Supersonic Tunnel No. 2; ar open-jet, fixed nozzle )lock
iacility with a 16- by 16-inch ttst section. Even though thi, tannel
can be operated in an intermittant fashion, it 4s intended to be i
used mainly as a continuoub xcirculatiny facility. For v rough
eescription of the operational capabilities -f this wind tunnel the
following range of variables might be listee: Mach number! range
btetween 1.2 and 5.0; Reynolds numiber between 0.9 and 12 miilior per
foot" total pressure between 0.5 and 15 atmospheres, and total
tenperature from ambient to 600° Rankine. The above variables are
inte•-related, which means that some of the extremes are not possible
under certain conditions. Of primary interest to the aerodynamicist
is the Reynolds nuxubet-Mach nunber operational profile. This profile
is given in Figure 3.

All data presented in this report were made at a total pressure
of one atmosphere, as indicated in Figure 3. Measur-ements were made
At Mach numbers of 1.76, 2.0, 2.5, 3.0 and 3.5.

The most important single instrunkent used in making successful
Magnus ine-surements is the Magnus wind-tunnel balance. The balance
-used in making the ieported measurements is described in detail in
Reference (5). While the details of balance construction will not be
included here, it might be of value to consider the nature of the

ylaqnuF effect and how the size and directiQn of the Magnus forceT
influence balance design.

The Magnus force acts normal to the angle-of-attack plane, which
is the plane defined by the free-rtream velocity vector and the body's
longitudinal axis. The Magnus force, thcrefore, must be measured in
the presence of an orthogonal force (normal force) which is at least
ten times greater in magnitude. In addition, the Magnus measurements
vust be made on a body which is spinning. The model is, 1therefore,
miounted on essentially a four-component static balance with the
added complications of providing and measuring spin.

J'odel spin can be provided in a variety of ways; however, the
most common procedures are to use an internal motor (electrical or
jpneumatic) or to cmnt the model's fins. For the present tests of
the wrap-around-fin configuration, spin is provided by differential
fin cant, and is vaiied by vsing different cant angles.

The wind-tunnel technique used in making these Magnus measurements
will be outlined now. After tunnel flow has been establishqd, the
--odel i.s zw.pt through the anole-of-attack range. The bweep rate is
slow enough to assure that the model is at all times spinning at the
steady-state spin rate corresponding to the instantaneous angle of
Attack. Checks were mad,- of this spin rate-angle of attack assumption
ty measuring spin rates and loads at discrete angles of attack. As
the model is being swept through the prescribed angle-of-attack range,

4
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the strain gageo are sampled 80 times per second. The result is a
nearly continous record of thc iout coefficients, CM , C, C n and C y
with angle of attack.

DATA REDUCTION

The sampled strain-gage signals are recoided in digital fornm on
magnetic tape. Thia tape, together with an additional tape record of
the balance cali 'raLiun, is input into a digital computer data-
reuucltion Troh raiU. The vUupct flo ti -iS pjoqln Is d 15 5 piuLtnY t-ap
and a printed record of coefficients a~id pvrtinent test information.
In these Magnlus tests this information consists of spin rate, reduced
spin rate, Mach number, total pressure and total temperature. The
plotting tape is then used as an input into ar automatic plotter to
provide the graphical data records which make up this report.

DISCUSSION OF RESULTS

The normal-force and pitching-moment coefficients are presented
in Figures 4 through 31. The noimal force is defined as that compo-
nent of the total aerodynamic force which acts normal to the body's
axis of symmetry and lies in the plane defined by the axis of sym-
meLry and the free-stream velocity vector (aagle-of-attack plane)
The pitching moment is the component of the total aerodynamic rnoment
.normal to the angle-of-attack plane.

A quick perusal of these stauic measurements reveals two rather
inteiesting results. First, the normal-force and pitching-moment
coefficients are l.inear up to six-degrees angle of attack and only
.deviate significantly from linearity after 10-degrees angle of attack.
To within the range of angle-of-attack measurements shown here, the
pitching-moment coefficient slope shows a tendency to increase in
miagnitude with angle of attaQk above 10 degrees. This trend is
consistent with measurements made on flat fins (see, for example,
Ref. (6)). Secondly, the pitching-moment and normal-force co-
efficients indicate no dependencý on spin rate. As would be expected,
the largest fin cant of 4.50 degrees gives a spin rate at least twice
that of the lowest fin cant of 2.00 degrees. This spin-rate
sariation is not detectable in the normal-force and pitching-moment
coefficients.

As mentioned ea-lier, no adequate theory exists for calculating

the effect of fin curvature on the normal-force and pitching-momentidata. Nevertheless, in obtaining an estimate of these effects, the .

:tbvious simplification is to ignore fin curvature and to "replace"
the curved fin by a rectangular fin of the same chord and span. When
this is done, the aerodynamicist has at his disposal the low-aspect
.atio theories of Pitts, Nielsen and Kaattari, a, presented in
:eference (3). This analysis has been put in a form mrore amenable
to Quick analysis by DeJonge in which fin-body interference effeFtg
have been included (see Ref. (4)). DeJong's analysis requires a
knowledge of body-alone normal-force and pitching-moment

5m
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characteriýcics. Fort.rnately, this information is available since
body-alone measurements had been made earlier on the 10-caliber Army-
Navy Spinner Projectile (see Ref. (2)).

Calculations were made of the normal-force and pitching-moment
derivatives using DeJong's methods. In the table below comparisons i
are made between the theoretical and measured values of thesederivatives;:

Theoretical Measured

Mach No. CN Cm CN Cm

2.0 0.192 -1.33 0.182 -1.12

2.5 0.171 -1.045 0.168 -0.970

3.0 0.137 -0.878 0.156 -0.880

The above theoretical estimates are sketched on Figures 4
through 31, where appropriata. Pitching-moment coefficient compari-
sons are shown on Figures 8, 11 and 14 and those for the normal force
on Figures 22, 25 and 28.

It will be noted in the graphical arid tabular comparisons that
agreement between theory and measurement is quite satisfactory. Some
disagreement should be expected since the theoretical calculations
are based upon zero roll angle (two opposing fins normal to the
angle-of-attack plane; the other two opposing fins are located in the
angle-of-attack plane). The measurements, on the other hand, were
made on spinning models where spinning will "average out" the
variations in static loads which are a consequence of roll angle.

In the case of Magnus measurements, no theoretical estimates of
any value exist. For this reason, Magnus data will be presented
without attempts at theoretical corroboration.

It was mentioned earlier that the model sweep rate in angle of
attack was sufficiently slow that the measured values of spin rate
were essentially steady-state values. Thiz .tcd.y-state spi. . i
assumed to be defined by the following relat onship

C k6 6 2V ,( 
)

pp
Ps6 C£ d (1)

where C is the rolling-moment coefficient due to fin cant, and C

is the daiuping-in-roll derivative. Since C and C£ are solely

functions of angle of attack (for fixed Mach number and Reynolds
number), the steady-state spin, pss' may be thought of as a unique

function of angle of attack.

6
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Figures 32 through 36 present the reduced spin rate versus angle
of attack. It will be noted that in all cases the reduced spin rate
is nearly a constant for angles of attack up to three degrees; above
this angle, however. there is_ rather sudden increase in the spin
rate. Variation of sjin rate with fin cant is indicated in Figure 37.

Magnus measurements are presented in Figures 38 through 51 in
terms of the yaw-wooment coefficient versus angle of attack; and,
in Figures 52 through 65 in terms of the side-force coefficient
versus angle of attack. In analytically describing the Magnus moment,
the following functional relatio'nship will be assumed:

C f (f), x, M, Re) (2)

n

where p, a, M and Re are the reduced frequency, angle of attack, Mach
number and Reynolds number, respectively. A similar relationship
presumably could be written for the side-force coefficient. The
reason for the inclusion of, and restriction to, these variables is
based upon various experiments conducted over the past 100 years, as

well as conjecture into the essential fluid mechanics of the Magnus
phenomenon (see Ref. (7)). Classically, the Magnus force is the
component of the total aerodynamic lo-'d acting on a spinning body which
acts normal to the angle-of-attack plane (defined earlier). Of course,
this force results in a moment (moment vector lying in the angle-of--
attack plane) about some suitable reference point.

Supposedly, there should be no load normal to the angle-of-attack
plane on a body which is symmetric with respect to this plane. On a
finned body there is a ':roll-induced" force and moment which varies
cyclically with roll angle. As the body roll violates the symmetry,
with respect to the angle-of-attack plane, one should expect a load
normal to this plane. Nevertheless, this induced load is not
associated with the Magnus effect, since induced effects depend upon
roll angle and Magnus effects on roll rate.

The use of the reduced spin rate (rather than the spin rate
alone) may be supported by the simplified flow model illustrated below:

R~R

V. Cosa0 x

Sv~sin a

i
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The area element RA8AX "sees" a local fluid velocity which has a spin I
component of magnitude pR and a longitudinal component of VWoCosa.
A measu•re of the relattive magnitude of these two componentsJis the
angle, T, whose tangent way be written and then approximated as,

tan T (3)
V,,Cosa& Vý, 2VC

where the local body radius, R, has been replaced by the reference j
length, d, (maximum body diameter) and the small angle assumption has
been made on the angle of attack, a. Since pd/2 << V , a further
small angle assumption can be made in Equation (3) by equating T to
pd/2V which gives a sort of physical identity to the reduced spin
rate, 0* - pd/2V .

The sign of the fc :ebody Magnus force might be anticipated on
the basis of the following oversimplified fluid dynamics argument.
This arc-lent is adequate only because the Magnus effect is being
looked ., qualitatively - merely to indicate force direction.

Consider the element RADAX, designated by (1), and the corre-
sponding diametrically opposite element, designated by C):

pR

2 'RAG

_i A"

i UL 4s'sna

Vf = V sin a (2 + 2 cos .26)/2 (4)*

Assuming two-dimensional flow about a cylinder, it can be seen that
the spin and crossflow velocities, pR, and Vft respoctively, add at
element (1) and subtract a- element (2') From Bernoulli's equation

See any text on elementary incompressible fluid mechanics, e.g.,

page 388k Karamchetti, "Principles of Ideal-Fluid Aerodynamics,"
John Wiley and sons, 1966

__ I
8Lf

~~A a b ~ a e



NOLTR 70-211.

element (1). The resulting pressuie difference produces a net force
in the negative direction of the y axis. Integrated around thevolume element, this force per unit length, dF /dx, should be

2
-2 n d p V sin a = (dF/dx (5)

y I
viLhii ihe icgative sign inuicating a force directioo along the negative
y axis. Thus, Equations (3) and (5) indicate that the reduced spin
rate, P, and angle of attack, a, are neccssary independent variable5.
Of course, Equation (5), being based upon inviscid incompressible flow,
is not satisfactory for load estimates.

Aerodynamic coefficients are used to describe loads and, since
coefficients are loads normalized by the dynamic pressure, it would
be expected that the coefficients will be functions of flow similarity
paranmters (Mach number, Reynolds number) only

Since the functional form of Equation (1) is not known, an attempt
might be made to expand it in a Taylor series for the reduced spin A
rate, p. The first term of such a series might be written as,

acn
n =(6)

where C n/3ý is a function of the angle of attack, Mach number and
Reynolds number. While Equation (5) is adequate for nonfinned bodies,
the presence of fins causes the Magnus effect to vary nonlinearly
with p,.

If one wishes to persist in a Taylor expansion of Equation (I),
by retaininy more termsi it must be emphasized that to d"n _•nOr •irA
that only one variable be changed, at a time, in any experiment tomeasure the additional terms. In conducting this test, however, loads
were measured while continually rotating the mudel through angle of
attack. However, while the angle of attack is changing, the spin rate
is also changing (see Figs. 32 through 36). Of course, cross plots
can be made to show variations in the coefficients with a single
variable. However, it will be pointed out now that this is neither
necessary nor desirable.

Throgh omesimpe agumntsit has bemen indicated thart the
Magnus effect is a function of reduced spin rate. This reduced spin-
rate parameter can be related to fin-cant angle, 6, through the

Actuall,, hydrodynamicists consider the reduced spin rate to be a
similarity pmrameter also. In this context it is often referred to
as the Strouhal number.

Sl9
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following simple relationship,

6)6 ~(6) 1
where C and c are the rolling-.momcnt derivative due to fin cant

6 p
and the roll-damping derivative, respectively. Since each of these
acerivatives depends on angle of attack and the Reynolds and Mach
nuxbers, it seems logical that if fin cant io fixed the reduced
spin rate, , will depend only on angle of attack, Reynolds number
and Mach ntumber. In other words, it Re, M and 6 are fixed, then the
reduced spin rate, p. is a unique function of angle of attack, a.
It is, therefore, not appropriate to consider variations in reduced
spin rate independent of angle of attack. ThuG, once a fin-cant
angle has been selected aerodyn-amic coeftictents, as measured in the
wind twnnel, shouid be applicable to any oother flight regime in whit:h
Mach nmbero, Reynolds number and angle of attack are matched. Once
the quantities Y, Re, 6 and a are .electcd, the reduced spin rate is
autcmaticaily fixed turough Equation (6).

yNow it is also of somet intereat to examine the Mach number and
S Reynaldo nmuier effects. The f fact. of Mach number on the Magnus
moment may be apprt-ciated by examining Figuroo 38 through 51. As
the Mach numaber- increases it is seen that the Magnus moment becomes
less negative, and theun becomes it-creasxngly positive. For example,
in Figure 39 the yAw-Axment coetfiGient, is approxirmately 0.4 at an
angle of attack of e degrees and hach nuzteL' of 1. 76. In
Figure 40, tihere the Mach nuNNibr is r-ow 2.4, thre yaw moment is
strongly dependent upon fin cant, being about 0O.4 at 8 degrees angle
of attack and at a fin cant of 7,) degree5. As the Mach number is
inczeased to 2. 5, the Magnus nmoment beqowies elightly positive at
Mach 2.1'" and then increazingly pozt4ve aat the Mach number iu
increased to 3.5.

TU'ha Ma. nua.. o . I•Pr .e6ei-trt. ky the side-force cocfficient, Cy,

and is present*-d in Figures 52 through 65. According to Equation (5),
the Magnus force should be directed alohig the negative y axis. At
Mach numbers of 1.76 anJ 2.0 the side force is negative, but at the
higher Mach numbers of 2.5, 3.0 and 3.5 the side force is positive.
Also, it should be noted that the Magnus force and moxent are nonzero
at zero angle of attack. If thy fluid dynamic argument presented
earlier is recalled it will be remembered that thcre should be no
side force at zero angle of attack. The fact that a sizable force
and mcnnent do n-ict zeror. ainIg of attack seern- to indicate,
strongly, that the fins make an important contribution to the total
Magnus effect.

10
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The final variable in Equation (1) is the Reynolds number. It is
difficult to assess the influence of Reynolds number because this

r-metr was no^t -varied ind.ependent of Lu e MFah number. An important
effect that occurs when the Reynolds number is varied is the change
in the location of boundary-layer transition cn the body. Thus, it
was decided to determine the position of the transition point for

to do this, a comprehensive schlieren photographic coverage was made
of the entire test prograw. The negatives of these photographs were
greatl,- enlarged on a film reader. Thus, it was posoible to examine
the boundary layer in detail and to determine, within one-quartercaliber, where, on th.. leeward side of the body, transition takes

place. Figure 66 is a summary of this effort. This figure shows
that the transition point on the leeward side is at about seven
calibers aft of the body vertex at zero-degree angle of attack; and,
from this point, moves forward toward the vertex as the angle of
attack increases. The uncertainties in the determination of the
transition point have clearly masked all Mach number effects. Since
the larger Reynolds numbers occur at the low Mach numbers, it would
be expected that the transition point would be closer to the vertex
for the lower Mach numbers.

Figures 67, 68 and 69 present a sample of the above mentioned
schlieren photographs taken at Mach numbers of 2.0, 3.0 and 3.5,
respectively. The photographs in these figures are much too small
to show boundary-layer details, but separation can be seen,
clearly (on Fig. 67b fir examplel'.

CONCLUS ION

The static measurements clearly indicate that adequate load
predictions can be made using a planar-fin assumption. The Magnus
force and moment may be described in terme of angle of attack, Mach
number and Reynolds number. Spin rate need not be varied indepen-
dently, since it is a function of angle of attack, Mach number and
Reynolds number once a fin-cant angle is chosen. The Magnus forcc
is small compared to the normal force which is acting under the same
fIow cuoiditions. As an example, the normal force is about 30 times
as great as the Magnus force. In comparison to a nonfinLed pro-
jectile, the Magnus force varies in a comple; fashion with Mach
number, Reynolds number and angle of attack. Also, unlike a non-
finned body, the Magnuis force and moment is nonzero at zero-degree
angle of attack.

As a result of these tests, certain recomaendations can be made
for future work. First, a systematic investigation should be made to
ascertai- the effect of Reynolds nwurer vari-ation at several fixed
values of Mach number. Secondly, trajectory studies should be made
to determine the significance of the Magnus effect on vehicles
configurationally similar to the test vehicle. Finally, new wind-
tunnel balances should be constructed in order to improve the accuracy
with which these side loads cai be measured.
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